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Direct Measurements
of the Convective Recycling
of the Upper Troposphere
Timothy H. Bertram,1 Anne E. Perring,1 Paul J. Wooldridge,1 John D. Crounse,2
Alan J. Kwan,3 Paul O. Wennberg,3,4 Eric Scheuer,5 Jack Dibb,5 Melody Avery,6 Glen Sachse,6
Stephanie A. Vay,6 James H. Crawford,6 Cameron S. McNaughton,7 Antony Clarke,7
Kenneth E. Pickering,8,9 Henry Fuelberg,10 Greg Huey,11 Donald R. Blake,12
Hanwant B. Singh,13 Samuel R. Hall,14 Richard E. Shetter,14 Alan Fried,14
Brian G. Heikes,15 Ronald C. Cohen1,16*
We present a statistical representation of the aggregate effects of deep convection on the
chemistry and dynamics of the upper troposphere (UT) based on direct aircraft observations of
the chemical composition of the UT over the eastern United States and Canada during summer.
These measurements provide unique observational constraints on the chemistry occurring
downwind of convection and the rate at which air in the UT is recycled. These results provide
quantitative measures that can be used to evaluate global climate and chemistry models.
Deep convection is a highly efficient mech-anism for the vertical transport of airfrom near Earth’s surface (0 to 2 km) to
the UT (6 to 12 km) (1–5). Typical convective
storms have spatial scales of tens of kilometers
and vertical velocities as large as 15 m s−1 (6),
making their local influence in the UT extremely
strong. The rapid upward flow is balanced by
downdrafts within the convective storms and
much slower descending flow that occurs over a
larger spatial scale (7). Convection is also
associated with lightning, an important source
of NOx (NOx ≡ NO + NO2) in the UT (8, 9).
The source strength and spatial distribution of
lightning NOx emissions are not well known,
with estimates ranging from 2 to 20 Tg N year−1
for the global average (10), compared to 25 Tg
N year−1 from fossil fuel combustion (11).
Although there have been a number of case
studies of the chemical effects of individual
storms (12), studies of the aggregate effects of
convection on the chemical composition and
radiative forcing of the UT have been largely
the province of modeling and theory (13, 14).
Here, we describe measurements that provide
a direct link between an observable property
and the ensemble of convective events.
The chemical and radiative consequences
of convection and lightning are known to be
large (2, 15, 16). Upper tropospheric O3, either
transported directly from the boundary layer via
convection or formed in situ after detrainment
of convectively lofted O3 precursors [NOx, odd
hydrogen radicals (HOx), and hydrocarbons]
in the outflow region, directly affects climate
through a positive radiative forcing (15). Addi-
tionally, deep convection accounts for a substantial
fraction of the net flux of moisture from near
Earth’s surface to the UT (17) (Fig. 1). Thus, the
rate at which the UT is turned over by convection
has important implications for the hydrological
cycle and the magnitude of the water vapor
feedback on global temperature (18).
We describe a method for calculating, from
in situ measurements of the chemical com-
position of the UT, the length of time that an air
mass spends in the UT after convection, and we
discuss the chemistry occurring in the outflow
region as a function of time since convection.
We use measurements of NO2 (19, 20) (NOx is
calculated from NO2, O3, HO2, and photolysis
rates), HNO3 (21, 22), OH and HO2 (23), O3,
aerosol number density (24), SO2, actinic flux
[from which photolysis rate coefficients (Jx)
for NO2 ( JNO2 ), HNO3 ( JHNO3 ), and many
other species are calculated] (25), CO (26),
and CO2 (27) obtained during the Intercon-
tinental Chemical Transport Experiment–North
America (INTEX-NA) aboard the NASA DC-8
(28). Measurements were made at altitudes be-
tween the surface and 12.5 km over a wide area
of the United States and Canada, west of 40°W
and between 30° and 50°N. There were a large
number of vertical profiles, allowing a reason-
ably unbiased statistical sampling of air over this
region during July and August 2004.
We use the deviation of the observed
NOx/HNO3 ratio from steady state as an indi-
cator of convective influence. The NOx/HNO3 ra-
tio is reset to near infinity in moist convection as a
result of preferential wet scavenging of HNO3
relative to NOx (i.e., the solubility of HNO3 is
~108 times that of NOx) (29). Further, lightning-
produced NOx, often coincident with convec-
tion, markedly enhances NOx in the outflow
region. The coupling of these processes makes the
NOx/HNO3 ratio in the UT an effective indicator
of convective influence, whereNOx/HNO3 >> 1 is
indicative of recent cloud outflow (30, 31). In the
days after convection, the ratio decays toward
steady state, providing a chemical clock that
marks the length of time that an air mass has
spent in the UT after convection (32). Previous
studies have used species that have no UTsource
(e.g., CH3I) (33) or alternative chemical ratios to
provide estimates of age of air in the UT (34, 35).
Our study is unique because of the availability of
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Fig. 1. In moist convec-
tion, air from near Earth’s
surface is rapidly trans-
ported upward and de-
trained into the UT. In
this process, nitric acid
(highly soluble) is effi-
ciently scavenged while
NOx (insoluble) remains.
NOx is elevated by con-
current lightning NO pro-
duction, resulting in high
NOx/HNO3 ratios in the
convective outflow region.
After detrainment into the UT, NOx is converted to HNO3 by OH during the day and through reaction with NO3,
followed by hydrolysis of the N2O5 product, at night. The chemical evolution of the NOx/HNO3 ratio provides a
unique indicator of the length of time that a sampled air mass has been in the UT after convection.
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NO2, OH, and HNO3 measurements with high
time resolution, which allows us to build a much
more extensive data set than in previous studies.
After the initial turbulent mixing in the near field
of the convection, mixing is slow; thus, the time
evolution of the NOx/HNO3 ratio after convec-
tion depends largely on the partitioning of NOx
(between NO and NO2), the concentration of
OH, and the actinic flux.
Reactive nitrogen partitioning in the UT.
The chemical sinks of UT NOx are reaction with
OH to produce HNO3 (Eq. 1) and loss through
NO3 (Eqs. 2a and 2b), where M represents a third
molecule (e.g., N2, O2) that absorbs the excess
vibrational energy of the association reaction, fol-
lowed by hydrolysis of N2O5 to produce HNO3
(36). NOx is regenerated by HNO3 photolysis and
reaction of OH with HNO3 (and subsequent NO3
photolysis to NO2) (Eqs. 3 and 4).
NO2 + OH + M→ HNO3 + M (1)
NO2 + O3→ NO3 + O2 (2a)
NO3 + NO2 + M↔ N2O5 + M (2b)
HNO3→
hn
OHþ NO2 (3)
HNO3 + OH→ NO3 + H2O (4)
Assuming a diurnal steady state for HNO3, the
NOx/HNO3 ratio can be calculated as
½NOx
½HNO3
 
steady-state
¼
JHNO3 þ kHNO3þOH½OH
kNO2þOH½OH þ 2kN2O5þH2O ½N2O5 ½NO2
 
 ½NO2 ½NOx
 
ð5Þ
where k is the reaction rate coefficient. NOx/HNO3
is expected to be larger than the steady-state
value because wet scavenging removes HNO3
faster than the time to reach steady state (37).
Our observations show the NOx/HNO3 ratio to
be much higher than the ratio described by
Eq. 5 at altitudes greater than 6 km (Fig. 2).
The difference between the observed ratio and
that predicted by Eq. 5 grows with altitude,
reaching a maximum at 10 km. Previous ob-
servations of NOx and HNO3 [either measured
directly or calculated from observations of
NOx, peroxyacetylnitrate (PAN), and NOy ≡
NOx + total peroxy nitrates + total alkyl nitrates +
HNO3 + 2 × N2O5 + other minor components)]
have shown NOx/HNO3 to be significantly
larger than the steady-state prediction in the
UT (30, 31, 38–42). This has been shown to
be primarily a result of convection and light-
ning reinitializing the system before steady state
is achieved (30, 31). Although there are other
hypotheses (40–42), we [like Jaeglé et al. (31)]
find no evidence for a mechanism other than con-
vection responsible for holding NOx/HNO3 out
of steady state in the UT.
Chemical signatures of convection. Figure 3
depicts one of many convectively influenced air
masses sampled in the UT during INTEX-NA.
Three distinct convective events (40 to 80 km
wide) are identified by enhancements inNOx/HNO3
in Fig. 3A. Coincident enhancements are present
in SO2, an indicator of a recent boundary-layer
source for this air, and in ultrafine condensation
nuclei (UCN) (3 ≤ Dp ≤ 10 nm, where Dp is the
particle diameter), an indicator of cloud de-
trainment (Fig. 3B) (43, 44). Sharp decreases in
CO2 also indicate the presence of boundary-layer
air that has been depleted in CO2 by photo-
synthetic activity (Fig. 3C) (44). Enhancements
in CO, CH2O, and various hydrocarbons relative
to the surrounding UT air were also observed in
these plumes, confirming that these parcels orig-
inate from the planetary boundary layer (PBL).
Backward air trajectories, initialized along the
flight track and mapped onto the spatial and tem-
poral distribution of cloud-to-ground lightning
strikes, indicate that this air mass was influenced
by lightning about 1 day before DC-8 sampling
(Fig. 3E). Such features with high NOx/HNO3
ratios were observed throughout the UT during
INTEX-NA.
To assess the extent to which the UT over
the eastern United States and Canada during the
summer of 2004 was influenced by convection,
and to describe the chemical evolution of con-
vective outflow, we used a constrained time-
dependent photochemical box model to map the
observed NOx/HNO3 ratio to the time since the
ratio was last reinitialized (45). It was initialized
with observations at 1-km vertical intervals from
6 to 12 km. The derived timing indicator for the
convectively influenced air sampled on 11 August
2006 is shown in Fig. 3D. The properties of the
ensemble of our measurements are shown in
Figs. 4 to 6.
The aerosol size distribution provides an in-
dependent indicator of air recently detrained
from clouds. Cloud-processed air is depleted of
aerosol surface area, permitting new particle for-
mation in the outflow region (43, 44). Figure 4A
depicts the fraction of condensation nuclei found
in the 3- to 10-nm bin as a function of time since
convective influence. The fraction of particles in
this ultrafine mode is largest during the first few
days, which confirms that the NOx/HNO3 ratio,
and the timing indicator derived from it, is re-
initialized in the UT by cloud processing. Strong
enhancements in CH3OOH/H2O2, also an indica-
tor of recent cloud processing (33), were observed
during the first 2 days after cloud processing.
As expected, both elevated NOx and sup-
pressed HNO3 are observed at short times (Fig.
4, B and C). Enhancement in NOx during the first
few days is indicative of convection of boundary-
layer and/or lightning NOx (46). The suppression
of HNO3 at short times is clear indication of
HNO3 scavenging during convection. Figure 4D
confirms that reactive nitrogen (NOy) is con-
served during the chemical processing after
convection, a fact that provides further support
for the use of NOx/HNO3 as a marker represent-
ing time since convection.
Chemical processing in convective outflow.
Mapping the ensemble of observations made
throughout the UT onto the coordinate of time
since convection allows us to assess the chem-
ical and dynamical processes occurring after
convection without attempting a Lagrangian con-
vection study. In this analysis we concentrate on
the time evolution of CO and O3.
The time evolution of CO after detrainment
into the UT is set by the abundance of OH and
the rate at which the convective plume entrains
air from the background UT (Fig. 5A). Because
the chemical clock directly depends on HOx, we
constrained both OH and HO2 to the observa-
tions as a function of NOx and pressure in the
time-dependent model used to generate time. As
a result, we can iterate the model to determine
the proper mixing rate of the convective plume
by matching the modeled and observed time
evolution of CO after convection. Using this ap-
proach for a series of long-lived species (e.g.,
CO, CH4, CH3OH), we calculated an average
mixing rate of 0.05 ± 0.02 day−1 after detrainment
into the UT. This is in good agreement with the
upper limit of 0.06 to 0.1 day−1 determined by Ray
et al. from observations of convective plumes
observed in the stratosphere (47). However, it is
slower than the 2-day dilution time scale de-
termined by Wang et al. from observations in
the UT (32). Because the DC-8 did not routinely
sample in the turbulent environment directly
surrounding convective outflow, this mixing rate
likely reflects diffusive and shear-inducedmixing
subsequent to the initial turbulent mixing
occurring during detrainment from the convec-
tive system.
Figure 5B shows the O3 mixing ratio as a
function of time since convection. We find that
Fig. 2. Observed deviation of the NOx/HNO3 ratio
from steady state as a function of altitude in the UT.
The mean values within 1-km vertical bins are
denoted by circles. The steady-state NOx/HNO3 ratio
was calculated from measured NOx, OH, and JHNO3.
The grayscale data points were calculated from all
observations taken during INTEX-NA.
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on average, convectively lofted air masses con-
tain less O3 than the background UT. This re-
sult is consistent with the observed vertical
gradient in O3 measured over the continental
United States during INTEX-NA, with lower O3
in the PBL than above (48). Rapid changes in the
O3 mixing ratio are observed during the first 2
days after detrainment, with the observed O3
10 nmol mol−1 above the initial value by the end
of day 2. The observed rate of increase slows
exponentially with an asymptote at long times
approaching zero and the O3 mixing ratio ap-
proaching a constant value of 82 nmol mol−1.
This is a surprising result, as our model of the
O3 rate of change never approaches zero but con-
tinues to predict a net increase of 3 nmol mol−1
O3 day
−1 at the end of day 5 (49).
Constraints on the convective turnover rate
of the UT. The convective turnover rate of the
UT is critical for accurately describing NOx,
HOx, and O3 chemistry in the UT (50). How-
ever, at present there are few observation-based
constraints available (either meteorological or
chemical) to test the aggregate effects of convec-
tion in the current generation of global chemistry
and climate models. To determine the convective
turnover rate of the UT from the observations
presented here, it is necessary to know with high
confidence both the extent to which the UT is
influenced by convection and the fraction of PBL
air in the convectively influenced air masses.
To determine the fraction of PBL air con-
tained in fresh convective outflow, we used obser-
vations of insoluble long-lived species. Assuming
that we conducted a statistically unbiased sam-
pling of both the boundary layer and free tropo-
sphere during INTEX-NA, we can calculate the
fraction of PBL air present in fresh convection
( f ) according to
½XUTðt¼0Þ ¼ f ½Xsurface þ ð1 – f Þ½XUT (6)
where [X]UT(t=0) is the mean mixing ratio of
species X in fresh convective outflow (as iden-
tified using our timing indicator), [X]UT is the
mean mixing ratio of species X in the UT (7.5
to 11.5 km), and [X]surface is the mean mixing
ratio of species X between 0 and 1.5 km. Using
observations of CO, CO2, CH3OH, CH4, and
C2H6 we calculated the fraction of PBL air in
fresh convection to be 0.19 ± 0.05, 0.11 ± 0.03,
0.26 ± 0.05, 0.15 ± 0.05, and 0.34 ± 0.09,
respectively. We calculated a weighted average
for the fraction of PBL air in convective outflow
of 0.17 ± 0.02 by weighting each value by the
inverse square of its uncertainty. This result im-
plies that convectively lofted PBL air rapidly
entrains the surrounding air either during ascent
or in the turbulent environment of the detraining
flow. These results are consistent with the ob-
servations of Ray et al., who determined the
fraction of tropospheric air in convective plumes
sampled in the stratosphere to be between 0.1 and
0.4 (47). However, our results suggest a smaller
fraction than the observations of Cohan et al.,
who calculated the fraction of boundary-layer air
in fresh convective outflow to be between 0.32
and 0.64 (33), and the modeling studies of
Mullendore et al., who calculated the fraction of
PBL air present in the convective outflow region
of a supercell storm 10 hours after storm ini-
tialization to be 0.26 (51).
Figure 6A shows the normalized frequency
distribution of the time since convection, based
on the NOx/HNO3 ratio. We found that 54% of
the air between 7.5 and 11.5 km was influenced
by convection during the past 2 days. The con-
vective outflow was strongest between 9.5 and
10.5 km, where the fraction of air that is less
than 2 days old exceeds 69%. The vertical dis-
Fig. 3. (A to D) Time series of mea-
surements taken in the vicinity of recent
convective activity on 11 August 2004
between 5 and 9 km. (A) Three distinct
convective plumes, each indicated by
a sharp increase in the NOx/HNO3
ratio. (B and C) Coincident enhance-
ments in SO2 and UCN (3 nm > Dp >
10 nm) and coincident sharp drops in
CO2, indicative of the convective
lofting of boundary-layer air depleted
in CO2. The derived time since the
sampled air mass had been influenced
by convection is shown in (D). (E)
NLDN lightning hits (small dots) on 10
and 11 August. The color scale rep-
resents the time of the hit (hours) before
aircraft sampling. The DC-8 sampling
location corresponding to measure-
ments shown in the top panel is located
on the Maine–New Brunswick border
(46°N, 67°W). The 2-day back-trajectory
[initialized at the point of the second
convective plume shown in (A)] is also
color-coded by time before DC-8
sampling (circles with black edges). The
DC-8 flight track on 11 August 2004 is
shown by the heavy black line.
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tribution presented here is consistent with pre-
vious analyses of convective outflow to the UT
from individual storms (4, 52) and the vertical
distribution of convectively influenced laminae
observed in O3 sonde data from the summer
of 2004 over the northeastern United States.
The shift toward longer times between 10.5 and
11.5 km suggests two possibilities: that convec-
tive cloud tops on average do not extend higher
than 10.5 km over the mid-latitudes during sum-
mer (53), or that transport of stratospheric air rich
in HNO3 contributes to keeping the NOx/HNO3
ratio low at altitudes higher than 10.5 km.
To constrain the turnover rate of the UT from
the ensemble statistics generated from our cal-
culated time since convective influence (Fig. 6A),
we constructed a two-dimensional (2D) model
of the UT. On the basis of typical wind speeds,
we assume that it takes 4 days for any individual
model point to pass through the sampling region
and that each point has not been influenced by
convection upon entering the sampling win-
dow. Every 6 hours, we represented convec-
tion by randomly reinitializing the age of x%
of the points to 0 [the value of x is determined
by the turnover rate (varied between 0.05 and
0.2 day−1) and the fraction of PBL air con-
tained in fresh convection (assumed to be a
constant at 0.17)], and we then diluted each point
with the mean value of the adjacent 8 points
at the rate of 0.05 day−1.
Figure 6B depicts the observed and three
calculated normalized frequency distributions
of time since convective influence between 7.5
and 11.5 km. The shape of the distribution sug-
gests that UT air sampled during INTEX-NA
was strongly influenced by convection, and that
convectively lofted plumes did not have suffi-
cient time to either mix or age before sam-
pling; instead, air was transported to the east
out of the domain. Calculated frequency dis-
tributions of time since convection, obtained
by collecting the points in the eastern half of
the 2D UT model analysis (where we sampled
most frequently), are also shown in Fig. 6B.
Assuming the DC-8 made a statistically un-
biased sampling of the continental UT during
summer, the best match among the three model
calculations and observations would imply a con-
vective turnover rate between 0.1 and 0.2 day−1.
However, if we assume that the DC-8 had a
positive bias toward sampling fresh convection,
our observed frequency distributions are most
consistent with a convective turnover rate closer
to 0.1 day−1 (54).
For comparison, the Goddard Earth Observ-
ing System (GEOS-4) data assimilation model
detrainment cloud mass flux between 400 and
200 hPa (~7.2 to 11.8 km) for the domain (80°
to 100°W for 30° to 35°N and 70° to 100°W for
35° to 50°N) between 1 July and 15 August
2004 was 0.0085 kg m−2 s−1. This corresponds
to a turnover rate of 0.37 day−1 (using a column
mass of 1.9 × 103 kg m−2 between 7.2 and
11.8 km). Further investigation is needed to
understand the source of the difference between
our observed turnover rate and the one derived
from the model.
Conclusions.Our observations provide unique
constraints on (i) the extent to which convec-
tion perturbs the continental UT during sum-
mer, (ii) the fraction of boundary-layer air present
in convective outflow, and (iii) the convective
overturning rate of the UT. In addition, the chem-
ical clock described here defines a coordinate
that can be used to assess the chemistry occurring
downwind of convective injection. These direct
measures of atmospheric rates present a new
opportunity for quantitative tests of model rep-
resentations of processes governing UT ozone,
convection, and lightning and their impact on
climate.
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Fig. 6. (A) Normalized
frequency distribution in
the time since convective
influence, as calculated
from observations of the
NOx/HNO3 ratio made dur-
ing summer 2004. Calcu-
lations are separated into
1-km altitude bins (range
7.5 to 11.5 km). The frac-
tion of air that had been
influenced by convection
within the past 2 days
(f<2 days) is shown. (B) Com-
parison of observed fre-
quency distribution (7.5 to
11.5 km) with various mod-
eled representations of the
convective turnover rate.
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